Background/Aims: Adipocyte-derived exosomes (ADEs) stimulate the activation of macrophages and contribute to the development of insulin resistance. Sonic Hedgehog (Shh) is an exosome-carrying protein and stimulates macrophages to secrete inflammatory cytokines. However, the impact of ADEs carrying Shh on the pro-inflammatory activation of macrophages and consequently, adipocyte insulin resistance is unclear. Methods: 3T3-L1 adipocytes were cultured with high glucose and insulin to imitate the pathogeny of insulin resistance. ADEs were isolated from conditioned media of 3T3-L1 adipocytes via differential ultracentrifugation. We explored the role of ADEs carrying Shh in the polarization of macrophages by flow cytometry. Western blot and electrophoretic mobility shift assay (EMSA) were performed to determine the activation of Shh-mediated signalling pathways. The effects of ADE-treated macrophages on adipocyte insulin signalling were studied by Western blot. Results: We found that circulating Shh-positive exosomes were increased in type 2 diabetes patients. High glucose and insulin increased the secretion of Shh-positive ADEs. The ADEs carrying Shh induced proinflammatory or M1 polarization of bone marrow-derived macrophages (BMDM) and RAW 264.7 macrophages. Inhibitors of Ptch and PI3K blocked the M1 polarization induced by ADEs, which suggests that ADEs carrying Shh mediated M1 macrophage polarization through the Ptch/PI3K signalling pathway. ADE-treated RAW 264.7 macrophages were subsequently used to assess the effect on insulin signalling in adipocytes. Using a co-culture assay, we showed that both ADE-treated macrophages and exosomes from these macrophages could decrease the expression of insulin-resistant substrate-1 (IRS-1) and hormone-sensitive lipase (HSL) in adipocytes. Inhibitors of Ptch and PI3K blocked the down-regulation of IRS-1 and HSL induced by ADE-treated macrophages. Conclusion: Together, these data indicate that ADEs carrying Shh induce the M1 polarization of macrophages, which contributes to insulin resistance in adipocytes through the Ptch/PI3K pathway.
Adipocyte-Derived Exosomes Carrying

Introduction
Type 2 diabetes is an independent risk factor for cardiovascular diseases [1] . Insulin resistance is the pathological basis of type 2 diabetes. Insulin resistance occurs with chronic inflammation of adipose tissue, which manifests as macrophage infiltration [2, 3] . Adipose tissue macrophages differentiate into two distinct subsets, defined by functional abilities and specific molecular markers. Classically activated or M1 macrophages produce excessive quantities of pro-inflammatory cytokines, whereas alternatively activated or M2 macrophages are characterized by their ability to attenuate inflammation [4] . Under conditions of positive energy balance, the adipose tissue macrophages not only increase in quantity but also polarize to the M1 type [5] . M1 macrophages are responsible for insulin resistance [6] . Restraining M1 polarization relieved obesity-induced insulin resistance in adipose tissue [7, 8] . Therefore, the communication between adipocytes and macrophages appears to be important during the development of insulin resistance.
Exosomes are endosome-derived vesicles with a diameter of 30~100 nm [9] that are widely involved in tissue repair [10, 11] and the inflammatory reaction [12, 13] . Carrying signalling molecules [14, 15] , exosomes have been accepted as markers of disease [16, 17] or information vectors [18] . Exosomes isolated from adipose tissue mediated adipose tissue inflammation in a murine model [19] . Exosomes secreted by differentiated human adipocytes and human adipose tissue explants had immunomodulatory effects on macrophages, and exosome-stimulated macrophages induced insulin resistance in adipocytes [20] . However, no data are available on the signalling molecules carried by exosomes during communication between adipocytes and macrophages.
Sonic Hedgehog (Shh) is a secreted morphogen carried by exosomes that elicits differentiation and patterning in developing tissues [21, 22] . Shh is expressed in adult tissue and mediates cell differentiation. Components of the Shh signalling pathway are expressed in macrophages. Recombinant preparation of Shh upregulated cytokine expression in macrophages [23] . Exosomes mediate the long-term effects of Shh signals. The Shh protein is post-translationally modified by cholesterol at the C-terminus and palmitate at the N-terminus, and these lipid modifications act as membrane anchors [24, 25] . Primary vertebral cells secreted Shh in vesicular forms, and packaging of Shh in exosomes modulates target gene activation [22] . Exosome-associated Shh was able to activate signalling pathways and downstream target genes [26, 27] . The expression of Shh in retinal Muller cells was increased under high-glucose conditions [28] . Thus, exosomes carrying Shh may play a role in adipose tissue M1 macrophage polarization and induce insulin resistance.
Thus, we hypothesized that the adipocyte-derived exosomes (ADEs) carrying Shh might induce the M1 polarization of macrophages and subsequently participate in the process of insulin resistance in adipocytes. First, we evaluated circulating Shh-positive exosomes in type 2 diabetes patients. Then, the ADEs were isolated from 3T3-L1 adipocytes. We determined whether ADEs carrying Shh had effects on macrophage polarization and further studied the reciprocal effects of ADE-stimulated macrophages on insulin signalling in adipocytes.
Materials and Methods
Antibodies
Antibodies for human serum exosome flow cytometry were purchased from Origene (Adiponectin, TA503913) and Abcam (Tsg101, ab53715 and Shh, ab135240). Antibodies for Western blotting were purchased from Santa Cruz Biotechnology (CD63, sc-15363; CD81, sc-166029; HSL, sc-25843; pSer307-IRS1, sc-33956; PPARγ, sc-7273), Cell Signaling Technology (AKT, 4685; p-AKT, 4060; PI3K, 4257; p-PI3K, 4228; Glut-4, 2213; IRS-1, 2390), Abcam (Gli, ab49314; Ptch, ab53715; Tsg101, ab125011; Grp94, ab108606), or Proteintech (Calnex, 10427-2-AP). Shh neutralizing antibody (ab50515) and rat IgG2α κ isotype (ab18450) were purchased from Abcam. Antibodies for macrophage flow cytometry analysis were purchased from BD Biosciences (CD11c-FITC, 553801; FITC Hamster IgG1λ isotype control, 553953), BioLegend (CD206-PE, 141706; PE rat IgG2α κ, 400508) and eBioscience (F4-80-APC, 17-4801). Antibodies for ADE flow cytometry analysis were purchased from Bioss (Adiponectin-PE, bs-0471R and Shh-FITC, bs-1544R).
Serum exosome flow cytometry analysis
Fasting blood samples from type 2 diabetes patients or healthy volunteers were drawn after an overnight fast. The serum was centrifuged at 1 500 × g for 15 min and then at 15 000 × g for 30 min to remove platelets and microvesicles. The supernatant was passed through a 0.22 µm filter. The serum exosomes were isolated by ultracentrifugation at 100 000 × g for 70 min and washed with PBS by ultracentrifugation again. The serum exosomes were quantified by BCA. The exosomes were incubated with 4 μm aldehyde/sulfate latex beads at room temperature for 2 h. The beads were washed three times by resuspension in phosphatebuffered saline (PBS) and sedimented at 3 000 × g for 10 min. The beads were incubated with primary antibodies against Tsg101, adiponectin or Shh in a 50 μl volume at 4°C overnight. After three washes with PBS as described above, the beads were incubated with fluorescein-conjugated secondary antibodies at room temperature for 30 min. Then, the beads were washed three times and analysed by flow cytometry. The study protocol was approved by the ethics boards of Qilu Hospital of Shandong University, and serum acquisition was performed in accordance with the institutional guidelines. Written informed consent was obtained from all subjects.
Cell culture 3T3-L1 preadipocytes were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, USA) containing 10 % heat-inactivated bovine calf serum (FCS, Gibco, USA) and kept at 37 °C and 5 % CO 2 . To induce differentiation, at 48 h post-confluence, the cells were cultured in differentiation medium containing 10 % foetal bovine serum (FBS, Gibco, USA), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 μM dexamethasone and 5 μg•ml -1 insulin for 48 h. Then, the cells were maintained in post-differentiation medium containing 10 % FBS, 1 μM dexamethasone and 5 μg•ml -1 insulin. The medium was changed every two days. RAW 264.7 macrophages were maintained in DMEM containing 10 % FBS and kept at 37 °C and 5 % CO 2 . Bone marrow-derived macrophages (BMDMs) were isolated from 4-to 6-week-old male C57BL/6 mice. The femora and tibiae were harvested, and the bone marrow was flushed out with DMEM. The cells were centrifuged at 1 000 rpm for 5 min. Cells were collected in BMDM culture medium with 10 ng•ml -1 M-CSF (PeproTech) and kept at 37 °C and 5 % CO 2 . The cells were incubated for 7 days, and the medium was changed every two days. The BMDMs were identified as F4-80-positive cells by flow cytometry. RAW 264.7 macrophages or BMDMs were incubated with 50 μg•ml -1 ADE for 24 h.
Co-culture experiment
Completely differentiated 3T3-L1 adipocytes and RAW 264.7 macrophages were prepared as described above. In the cell-to-cell co-culture experiments, 3T3-L1 adipocytes were cultured in the upper compartment of transwells (0.5 μm, Millipore, USA), and RAW 264.7 macrophages were cultured in the lower compartments of the same wells. The adipocytes and macrophages were cultured for 24 h prior to the insulin signalling study. In the exosome-stimulation experiment, the 3T3-L1 adipocytes were differentiated in 24-well plates and then treated with exosomes isolated from macrophage-conditioned media for 24 h before the insulin signalling study. Exosome isolation from cell culture media Exosomes were removed from FBS by ultracentrifugation at 100 000 × g for 70 min and strained through a sterile 0.22 μm membrane filter. The cells were cultured in medium containing 10 % exosomefree FBS for 24 h before the cell medium was collected. The cell culture media were centrifuged at 1 000 × g for 5 min to remove dead cells and twice at 15 000 × g for 15 min to remove cell debris and apoptotic bodies. The supernatant was passed through 0.22 μm filters to clear debris and microvesicles and then ultracentrifuged at 100 000 × g for 70 min. The sediment was resuspended in PBS and ultracentrifuged at 100 000 × g for 70 min again to remove contaminating proteins. The pelleted vesicles were resuspended in 500 μL of PBS. The size homogeneity of the vesicles obtained was quantified by a BCA protein assay kit (Solarbio, P.R. CHN) and checked using a Zetasizer Nano ZS90 (Malvern Instruments Ltd, UK). ADEs were defined as exosomes isolated from the conditioned media of differentiated 3T3-L1 adipocytes.
Oil Red O staining Cells were washed with PBS and fixed in 4 % paraformaldehyde for 15 min. Cells were stained in an Oil Red O working solution (3:2, Oil Red O saturated solution in isopropanol:distilled water) for 30 min at room temperature and washed three times with PBS. Staining was visualized by inverted microscope. Oil Red dyes extracted from the cells in isopropanol were quantified by measuring the OD at 520 nm.
2-NBDG uptake
3T3-L1 preadipocytes were cultured and differentiated in black 96-well plates. After the medium was removed, the cells were incubated in buffer containing 100 μM 2-NBDG for 1 h. The cells were then washed twice with PBS and resuspended in PBS. The fluorescence intensity was recorded using a microplate reader at excitation and emission wavelengths of 485 and 535 nm, respectively.
Transmission Electron Microscopy (TEM)
The pelleted ADEs were fixed with 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). The samples were post-fixed with cacodylate-buffered 2 % OsO4. After rinsing in phosphate-buffered saline (pH 7.4), the samples were successively dehydrated in a graded ethanol series and acetone. The samples were embedded in Epon 812 and cut into 50-70 nm super-thin slices. The slices were stained with acetate and lead citrate. The ADEs were examined using transmission electron microscopy (TEM, JEM-1200EX, JPN).
ADE flow cytometry analysis
The ADEs were analysed on a flow cytometer. Conditioned media from 3T3-L1 adipocytes were labelled with adiponectin-PE and Shh-FITC (Bios, P.R. CHN) at room temperature for 30 min. To set the gate for ADEs, Nile red particles 0.7-0.9 μm in size (Spherotech, USA) were used as reference beads.
Plasma and adenovirus-mediated Shh knockdown or overexpression
Shh shRNA was subcloned into a pAdexi plasmid. Shh cDNA was subcloned into a pShuttle-CMV(-) plasmid. The recombinant plasmids were transfected into 293 cells using the Lipofectamine method and propagated. Adenovirus-mediated knockdown of Shh was achieved using adenovirus particles with the Shh shRNA sequence and a green fluorescent protein (GFP) tag to visualize the cells after the infection. A Shhoverexpression adenovirus was constructed with a red fluorescent protein (RFP).
Differentiated 3T3-L1 adipocytes were incubated with serum-free DMEM for 2 h and infected at a multiplicity of infection (MOI) of 100 pfu•cell -1 for 6 h. Then, isopycnic DMEM containing 20 % exosome-free FBS was added to each well to aid cell recovery for 48 h.
Macrophage flow cytometry analysis RAW 264.7 macrophages or BMDMs were collected after treatment, and 100 000 cells were resuspended in 100 μl of PBS and labelled with CD11c-FITC or CD206-PE for 30 min at room temperature. The labelled macrophages were washed in PBS twice and resuspended in 500 μl of PBS. Ten thousand cells from each tube were analysed. The positive ratio was calculated based on isotype control-labelled macrophages from each group. Cell adherence assay RAW 264.7 macrophages treated with ADEs were placed in a polylysine-coated plate and subsequently incubated at 37 °C for 10 min. The cells were washed with PBS five times and stained with DAPI for 10 min. Staining was visualized by fluorescent inverted microscope.
Electrophoretic Mobility Shift Assay (EMSA)
First, 30 μg of nuclear extract was incubated with biotin-labelled Gli oligonucleotides for 20 min in 10 μl of reaction buffer. The sequences of the oligonucleotides were as follows: Forward 5'-GCCTACCTGGGTGGTCTCTCTAC-3' and Reverse 5'-GTAGAGAGACCACCCAGGTAGGC-3'. The protein-DNA complexes were then resolved on 6 % non-denaturing polyacrylamide gels and electrophoretically transferred to a positively charged nylon membrane. The membranes were subjected to ultraviolet crosslinking and blocked. The membranes were incubated with horseradish peroxidase-conjugated streptavidin for fifteen minutes. After washing and balancing, the membrane was ultimately visualized using a chemiluminescent substrate kit (Millipore, USA).
Protein extraction and Western blot analysis
Cell lysates were prepared using RIPA buffer (Beyotime Biotechnology, P.R. CHN) supplemented with phenylmethanesulfonyl fluoride (PMSF, Beyotime Biotechnology, P.R. CHN). For Western blot analyses, 50 μg of protein was subjected to SDS-PAGE under reducing conditions, transferred, and blotted using specific antibodies.
Statistical analysis
Data are expressed as the mean ± standard error of the mean (s.e.m.). The means were compared using a t-test or one-way ANOVA. Statistical significance was assumed when a null hypothesis could be rejected at P<0.05.
Results
The proportion of Shh-positive exosomes was elevated in serum from type 2 diabetes patients We harvested sera from healthy volunteers and type 2 diabetes patients, who were in good general condition and did not have cachexia, rheumatic diseases, severe infectious diseases or tumours. Serum tests showed that glucose levels were significantly higher in type 2 diabetes patients compared to those in healthy volunteers (Table 1) . Circulating exosomes were isolated by ultracentrifugation. Compared with that in sera from healthy volunteers, the number of adiponectin-positive exosomes was slightly increased in sera from diabetes patients (Fig. 1A and B) , whereas the number of Shh-positive exosomes in sera from diabetes patients was increased significantly (Fig. 1C and D) . The above results indicate that circulating adipocyte-derived exosomes in type 2 diabetes patients show no significant changes, while the Shh-positive exosomes are increased significantly.
Insulin resistance induced 3T3-L1 adipocytes to release more Shh-bearing exosomes
Using PPARγ as a marker of adipocyte differentiation, we confirmed Shh protein expression during adipocyte differentiation ( Fig. 2A) . Shh was detectable in exosomes from differentiated adipocytes, whereas the level of Shh in the exosome-free medium was much lower (Fig. 2B) . 
Exosomes released by differentiated 3T3-L1 cells were defined as adipocytederived exosomes (ADEs). ADEs were visualized by TEM. The images revealed membrane-enclosed vesicles with sizes ranging from 30-150 nm (Fig. 2C) . The average size of the exosomes was 67.07 nm (Fig. 2D) . Exosome-associated proteins such as CD63, CD81 and Tsg101 could be detected in exosomes but not endoplasmic reticulum-residing proteins including calnexin and Grp94 (Fig. 2E) .
High glucose and insulin were used to model hyperinsulinaemia and hyperglycaemia, which cause insulin resistance [29] . Serine phosphorylation of IRS-1 was dramatically enhanced, and the expression of IRS-1 was decreased after 6 to 24 h exposure (Fig.  2F) . AKT phosphorylation decreased in a time-dependent manner (Fig. 2G) . Subsequently, insulin-triggered Glut4 translocation was decreased (Fig. 2H) . This decrease resulted in a decrease in insulin-stimulated 2NBDG uptake (Fig. 2I) . Adipocyte lipid accumulation increased after a 24-h incubation with excess glucose and insulin (Fig. 2J) .
We investigated the effect of insulin resistance on the release of Shh-bearing exosomes. We quantified the relative levels of adiponectin and Shh in ADEs from normal and insulin-resistant adipocytes (CtrlADEs and IRADEs, respectively). We found that the insulin-resistant adipocytes released more Shh-positive exosomes (Fig. 2K) . We confirmed that IRADEs had increased levels of Shh expression by Western blot (Fig. 2L) .
IRADEs carrying Shh enhanced M1 polarization of macrophages
We used BMDMs and RAW 264.7 macrophages to investigate the effect of ADEs carrying Shh on macrophage polarization. After a 7-day culture of bone marrow cells with M-CSF, the BMDM population composed approximately 90 % of the total population (Fig. 3A) . CD11c was used as a marker of M1 polarization and CD206 as a marker of M2 polarization in flow cytometry analyses. An shRNA adenovirus was prepared to decrease the expression of Shh in 3T3-L1 adipocytes and ADEs (Fig. 3B to D) . A Shh adenovirus (AdV-Shh) expression vector was constructed to upregulate Shh in both adipocytes and ADEs (Fig. 3E to G) . Exosomes isolated from conditioned media from differentiated adipocytes infected by AdV-Shh were named AdV-Shh ADEs. To exclude non-specific reactions to the adenovirus, the effects of exosomes on vehicle-infected adipocytes were evaluated ( Fig. 3H and J) .
IRADEs, but not CtrlADEs, induced M1-type differentiation and inhibited M2-type differentiation in BMDMs. Anti-Shh neutralizing antibody suppressed IRADE-induced M1 differentiation in BMDMs. Conversely, the isotype control had no effect on IRADE-induced M1 polarization (Fig. 3H) . IRADEs from Shh knockdown adipocytes induced less M1 polarization. The AdV-Shh CtrlADEs mediated M1 polarization, which is similar to the result observed for IRADEs. AdV-Shh IRADEs did not induce greater M1 polarization than IRADEs in BMDM populations ( Fig. 4A and B) . Similar results were observed in RAW 264.7 macrophages (Fig.  4C and E) . Then, we observed the adherence of RAW 264.7 macrophages. Compared to that (Fig. 5A ). High Gli binding activity was observed in RAW 264.7 macrophages treated with IRADEs (Fig. 5B) . Ptch signalling was inhibited by neutralizing antibodies or shRNA of Shh and promoted by adenovirus-induced Shh overexpression (Fig. 5C to J) . To determine whether the Ptch pathway is responsible for Shh-carrying ADE-induced macrophage polarization, we tested the effect of cyclopamine, a specific Ptch inhibitor, on ADE-mediated M1 macrophage polarization (Fig. 5K) . Cyclopamine abolished the IRADE-induced M1-type polarization and macrophage adherence (Fig. 5L  and M) . Cyclopamine also counteracted M1 macrophage polarization induced by AdV-Shh CtrlADEs or AdV-Shh IRADEs (Fig. 5N to Q) .
Because the PI3K pathway was involved in macrophage polarization and was closely related to Shh [30, 31] , we next examined the PI3K pathway in macrophages that had been treated with IRADEs. IRADE treatment increased PI3K phosphorylation in macrophages (Fig. 6A) . PI3K phosphorylation was inhibited by neutralizing antibodies or shRNA of Shh and promoted by adenovirus-induced Shh overexpression (Fig. 6B to E) . Subsequently, LY294002 was added to confirm whether IRADEs induced macrophage polarization via PI3K signalling (Fig. 6F) . LY294002 decreased the IRADE-induced M1 polarization and adherence of macrophages ( Fig. 6G and H) . LY294002 also arrested M1-type polarization of macrophages induced by AdV-Shh CtrlADEs or AdV-Shh IRADEs (Fig. 6I to L) . Cellular Physiology and Biochemistry
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In the IRADE-treated macrophages, cyclopamine led to decreased PI3K activation (Fig.  7A) , and LY294002 decreased Gli expression (Fig. 7B) . Similar results were also observed in macrophages treated with AdV-Shh CtrlADEs or AdV-Shh IRADEs (Fig. 7C to F) . These data indicated the involvement of the PI3K signalling pathway in Shh-carrying ADE-induced Ptch pathway activation. 
M1 polarized macrophages induced insulin resistance in adipocytes
We co-cultured adipocytes with ADE-treated macrophages or exosomes from ADEtreated macrophages. Adipocytes that were cultured with IRADE-treated macrophages showed markedly reduced IRS-1 and HSL expression (Fig. 8A) . The expression of IRS-1 and HSL was lower in the adipocytes cultured with the exosomes released from macrophages treated with IRADEs (Fig. 8B) . These results suggested that exosomes were at least partly responsible for the macrophage-mediated down-regulation of IRS-1 and HSL in adipocytes. Ptch/PI3K was required for macrophage-mediated insulin resistance in adipocytes Cyclopamine reversed the macrophage-dependent inhibition of IRS-1 and HSL in adipocytes (Fig. 9A) . Moreover, cyclopamine reversed the down-regulation of IRS-1 and HSL in adipocytes induced by exosomes from macrophages (Fig. 9B) . Cyclopamine also counteracted the macrophage polarization-related down-regulation of IRS-1 and HSL in adipocytes induced by AdV-Shh CtrlADEs or AdV-Shh IRADEs (Fig. 9C to F) .
LY294002 increased the expression of IRS-1 and HSL in adipocytes co-cultured with IRADE-induced macrophages (Fig. 10A) . LY294002 blocked the down-regulation of IRS-1 and HSL caused by exosomes from macrophages treated with IRADEs (Fig. 10B) . LY294002 arrested the decrease in expression of IRS-1 and HSL in adipocytes induced by AdV-Shh CtrlADEs or AdV-Shh IRADEs (Fig. 10C to F) .
Discussion
In the present study, we observed that the number of circulating Shh-positive exosomes were increased in type 2 diabetes patients. Compared with CtrlADEs, IRADEs tend to modulate M1 activation of macrophages by enhancing Shh expression. The ADEs carrying Shh induce M1 polarization through the Ptch and PI3K pathways. Macrophages treated with IRADEs or macrophage-derived exosomes induced insulin resistance in adipocytes.
Exosomes can act as a mode of communication between adipocytes and macrophages. Exosomes released from adipose tissue stimulated monocytes to differentiate into activated macrophages with increased secretion of TNF-α and IL-6 [19] . We found that the IRADEs increased M1 polarization and decreased M2 polarization in macrophages. M1 macrophages infiltrated adipose tissue where they induced inflammatory reactions and negatively affected insulin sensitivity [32] . Injection of exosomes released from obese adipose tissue resulted in the development of insulin resistance [19] . Our study demonstrated that IRADE-treated macrophages decreased the expression of IRS-1 and HSL in adipocytes. M1 macrophages are a prominent source of chemotactic and pro-inflammatory factors. Pro-inflammatory cytokines, such as TNF-α and IL-6, blocked insulin signalling [33] [34] [35] . Exosomes derived from activated macrophages could be vectors for pro-inflammatory cytokines that mediate adipocyte insulin resistance [36] . We found that the exosomes of macrophages stimulated with IRADEs decreased the expression of IRS-1 and HSL in adipocytes. Adipose tissue is a key modulator of systemic insulin resistance and metabolic dysregulation [37] . Exosomes mediate chronic inflammation in adipose tissue and insulin resistance.
ADEs carrying Shh might be a key regulator that controls macrophage polarization. Diet-induced obesity elevates Shh signalling [38] . Extracellular vesicle-associated Shh forms have been described as the most important secreted forms of Shh [22] . Our data showed an increase in serum Shh-positive exosomes in type 2 diabetes subjects. Shh was expressed in 3T3-L1 adipocytes and secreted in exosome-associated forms. Excess glucose and insulin may play a direct role in the dysregulation of the sorting and loading machinery in the adipocyte endocytic recycling pathway. ADEs from insulin-resistant adipocytes carried more Shh protein. There is evidence for the role of Shh in immunoregulation [39, 40] . A previous study reported that the commercially available recombinant preparation of Shh upregulates the production of IL-6, IL-8, and MCP-1 by macrophages [23] . In our study, ADEs carrying Shh mediated pro-inflammatory activation, with the potential to induce chronic inflammation and insulin resistance in adipose tissue.
The effect of Shh-carrying ADEs is mediated by the Ptch and PI3K pathways. Shh canonical pathways are involved in proliferation, differentiation and development. Shh signalling is activated by binding to Ptch and mediated by the Gli transcription factor [41] . Shh signalling components Ptch and Gli are both expressed in macrophages. We showed that IRADEs treatment activates the Ptch/Gli pathway in macrophages. Blocking of Ptch activity by cyclopamine decreased the IRADE-stimulated polarization of macrophages and improved the expression of IRS-1 and HSL in adipocytes. Shh activates several pathways in target cells, including non-canonical pathways through AMPK and canonical pathways involving PI3K. Non-canonical Shh signalling was implicated in the regulation of muscle and brown-fat metabolism. Hedgehog carried by microparticles used a non-canonical pathway involving Lkb1/AMPK to inhibit adipogenesis [42, 43] . The coordinated activation of Shh and PI3K signalling was observed in glioblastoma [44] . Shh promoted cellular proliferation and differentiation via the PI3K pathway [30] . We found that Shh-carrying ADEs upregulated Gli through PI3K phosphorylation. Previous studies reported that PI3K signalling was essential to the survival and activation of monocytes/macrophages [31] . In our study, PI3K was necessary for IRADE-mediated macrophage polarization.
In conclusion, we provided evidence that ADEs carrying Shh stimulated the M1 macrophage polarization through Ptch and PI3K pathways, which led to insulin resistance in adipocytes. ADEs carrying Shh might be a potent effector of metabolism-related chronic inflammation. Our results suggest that blockage of Shh signalling could be a therapeutic approach to inhibiting the development of insulin resistance.
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